Background. The use of endogenous plasma creatinine levels and creatinine clearance as a
INTRODUCTION
The use of the mouse as an experimental model has provided investigators with a portal to define and follow the progression of renal disease by functional analysis, histological parameters and molecular profiling. However, a serious issue plaguing researchers has been the lack of a simple, reproducible method to estimate renal function in conscious mice. Markers of glomerular filtration rate (GFR) such as 51 Cr -EDTA, 14 C-inulin or endogenous compound, such as creatinine, to accurately estimate the GFR would be a much simpler and desirable method. However, this would be dependent upon the ability to accurately measure creatinine in plasma filtrates and urine from mice.
The assay for creatinine in plasma and urine of man and animals dates back to 1905 when Folin [6] , measured a red color in the urine of individuals at 485-530 nm using a chemical reaction defined by Jaffé in 1886 [7] . Although the difficulties with the reaction with respect to its lack of specificity and sensitivity have been discussed, [8, 9] most researchers have accepted the Jaffé reaction or modifications of it as adequate for quantifying creatinine in plasma and urine of humans and in many large animals. Therefore, measurements based on the plasma creatinine remain the most widely used method to assess renal function in humans and large animals [10] [11] [12] [13] [14] [15] [16] [17] [18] .
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While the literature is replete with studies characterizing creatinine assays in human plasma and urine, equivalent attention to the analogous assay in mouse plasma is lacking. The use of plasma or serum creatinine measurement as a tool to evaluate renal function in mice has been called into question since Meyer et. al. reported that creatinine levels in the blood (plasma) of mice measured by the Jaffé alkaline picrate method yielded significantly higher levels (3-5 times) than those measured by high performance liquid chromatography (HPLC) [19, 20] . These studies concluded that the Jaffé method greatly overestimated the plasma creatinine levels, attributing this increase to interferences by non-creatinine chromagens. Despite the inaccuracy of serum/plasma creatinine measured by the Jaffé reaction, this technique remains widely used by the biomedical research community to assess renal function. [21] [22] [23] [24] [25] [26] [27] partly due to low cost and ease of use.
Recently, Brett Johns et. al. using a strong cation exchange column clearly showed marked advantages of HPLC analysis for creatinine vs. other colorimetric and enzymatic methods in the plasma and urine of the monkey, enabling accurate assessment of renal function in the primate [28] . In the present study, we describe a simplified isocratic HPLC method based on Bret Johns' approach that reliably measures very low levels of creatinine in mouse plasma and urine and compares the plasma and urine levels to those measured by the classical Jaffé alkaline picrate reaction. We also report creatinine clearance by HPLC and compare it with GFR measurements by inulin clearance in normal mice on varying diets and in diabetic C57BL/6J mice. were added to make a total volume of 2.10 L. Separation was achieved on a 50 mm x 2.1 mm, 5µ particle size strong cation exchange column, Zorbax SCX, (Agilent, Wilmington DE, cat # 860-700-704). Column oven temperature was 45°C; flow rate was set at 0.300 ml/minute. A 2mm Javelin ® in-line filter (part #88200) and a Biobasic SCX, 10 x 2.1 mm guard column were used pre-column. Back pressure ranged from 900 to 1050 psi. Runtime was 10 minutes.
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MATERIALS AND METHODS
Detection of eluting creatinine peak was achieved at 225 nm at 3.65 ± 0.02 minutes. The concentration of creatinine was determined from an external standard regression line (8 points)
using weighted 1 x 2 regression formula (Totalchrom ®-Perkin Elmer Corp.). Plasma and urine creatinine levels for comparison were also measured by the standard picric acid-based colorimetric kinetic assay using a commercial laboratory which utilized the Hitachi 717 Autoanalyzer ® (Hitachi Life Sciences, San Jose, CA).
Use of FITC inulin for GFR estimation:
A FITC inulin osmotic mini-pump protocol was performed as described by Breyer and Qi (personal communication). Enough FITC inulin to give a 4% solution was dissolved in 0.45%
NaCl by heating the solution in boiling water. To remove residual unbound FITC, the solution was dialyzed against pure water for 48 hours at 4ºC with 2 water changes using a 1000 Dalton cut-off dialysis membrane (Spectra/Pro 6, Spectrum Laboratories Inc., Rancho Dominguez, CA).
The resulting 25% increase in volume following dialysis yielded a final 3% FITC solution that Instat (version 1.14) were used for computations.
RESULTS:
HPLC assay of creatinine in mouse plasma through 1.00, reproducibility was 3.5%. Day-to-day standards in the 0.125 through 1.00 range, using a 3.00 µl injection and an autosampler, yielded less than 3% variation from the mean.
Urine specimens were diluted 1:5 with deionized water and processed in same fashion as plasma.
Protein precipitation efficiency was 95.6%. Recovery of added creatinine in pooled mouse plasma was 96% (89-102%).
Comparison of HPLC and Jaffé measurements of creatinine in mouse plasma and urine
Plasma creatinine levels were measured in identical aliquots by HPLC and Jaffé reaction in a group of 18 normal C57BL/6J mice. As noted in Fig further demonstrating that Jaffé markedly overestimates plasma creatinine (Fig. 2B ).
Nevertheless, a significant overall correlation between Jaffé and HPLC (R = 0.738, R 2 = 0.545, P 12 < 0.01) (Fig. 2C ) existed although wide variability and lack of sensitivity was apparent with the Jaffé method.
Urine creatinine concentrations were similarly distributed in normal mice as measured by either HPLC or Jaffé or (Fig. 3A) . No significant difference was found between the 2 methods with respect to urine concentrations (P = 0.6675). The line of equivalence showed the concentrations found by HPLC to be essentially the same as by Jaffé in mouse urine creatinine (Fig. 3B) . As expected, a high degree of correlation between urine creatinine measured by HPLC and Jaffé was found (R = 0.985, R 2 = 0.970, 0.0001; (Fig. 3C ). The creatinine clearance in mice was underestimated by Jaffé compared to HPLC (Fig. 3D ). due to the higher plasma creatinine level measured by Jaffé Table I depicts the range of values of creatinine in normal male and female C57Bl6/J mice. The plasma creatinine concentration measured by HPLC in normal mice ranged from 0.097 to 0.184 mg/dl with a mean of 0.128 mg/dl ± 0.026 mg/dl. This mean value was 3-fold less than that found by Jaffé (range 0.2 -0.5). The 24h creatinine excretion measured by HPLC ranged from 242 to 598 µg with a mean of 418 ± 100 µg. The wide range for 24h urine creatinine excretion was likely due to difficulties in obtaining complete urine collections from mice via metabolic cages.
Use of HPLC-based creatinine measurements to measure altered renal function in various models of mice
13
To study whether HPLC-based plasma creatinine measurements could distinguish mice with altered renal function, mice underwent dietary modification or were made diabetic. In the diet modification study, three groups of female C57Bl/6J mice were given either a normal diet, a high salt diet or a low salt diet with enalapril added. The plasma creatinine measurements by HPLC showed clear differences between the 3 groups (P < 0.001) with little overlap between them (Fig.   4A ). With normal diet, the mean plasma creatinine was 0.133 ± 0.027 mg/dl. In the high salt group, it was 0.080 ± 0.016 mg/dl, and in the low salt-plus-enalapril group, it was 0.362 ± 0.129 mg/dl. Creatinine clearances showed more overlap between the normal (255 ± 68 µl/min/mouse) and the high salt group (369 ± 126 µl/min/mouse). However, the low salt-plus-enalapril group exhibited clearly lower values of creatinine clearance without overlap (72.8 ± 24 µl/min/mouse, P < 0.001 vs both the normal and the high salt groups) (Fig. 4B ).
Male C57BL/6J mice were made diabetic with a multiple low dose streptozotocin regimen at the age of 7-9 weeks of age. After 19-24 weeks of diabetes, the mean blood glucose in the diabetic mice was 435 ± 132 mg/dl compared to 133 ± 32 in the non-diabetic mice. Mean body weights were similar in both groups at baseline, although the diabetic mice were slightly lower at the end of the study (25.9 ± 2.4 vs 29 ± 2.3 P = 0.012). The diabetic mice did not require insulin as they did not become severely hyperglycemic during the study period. The diabetic mice had significantly lower plasma creatinine values (P < 0.004) than non-diabetic mice (0.064 ± 0.042 vs 0.125 ± 0.019 mg/dl) and higher creatinine clearances (524 ± 214 vs 219 ± 50 µl/min/mouse; p < 0.004) (Figs. 5A and 5B).
Renal function was assessed simultaneously by HPLC-based creatinine, Jaffé-based creatinine measurements and a FITC-inulin based method in conscious mice. The study included mice given various salt intakes as well as the diabetic mice described above. A significant correlation between creatinine clearance by HPLC with FITC-inulin clearance, (R = 0.643, P < 0.001) was found ( Fig. 6) 
Discussion
The goal of the present investigation was to determine if measurement of endogenous plasma creatinine and/or creatinine clearance could be used to assess renal function in the mouse and to provide a way to track changes in renal function with a simple non-invasive measurement in conscious mice. Via the HPLC-based creatinine clearance method it is feasible to reliably measure renal function in mice in the normal range and to distinguish between normal renal function and impaired renal function in mice. Thus, STZ-induced diabetic mice clearly exhibit hyperfiltration after 4-6 months of diabetes in C57Bl/6J mice. Similarly, intake of a high salt diet increased creatinine clearance as compared to mice on a normal salt intake. Such measurements are below the level of sensitivity of colorimetric reactions as the true creatinine values are below 0.2 mg/dl in normal mice. Additionally, HPLC-based creatinine clearance is able to reflect moderately impaired renal function as seen in mice given a low salt diet with enalapril. Although, the absolute values of clearance were different between HPLC-based creatinine clearance and inulin clearance, both methods gave the same trends in the models studied and showed significant correlation. In contrast, creatinine clearance by Jaffé-based methods failed to achieve significant correlation with inulin clearance. Whether creatinine secretion plays an important role in mice remains unclear based on our results, and subsequent 15 studies will be required to establish the degree of creatinine secretion in mice with different levels of renal function.
Using HPLC to measure creatinine in mouse plasma, our data confirmed that the Jaffé reaction did, in fact, overestimate true creatinine levels in the mouse plasma as previously described by
Meyer et. al. [19, 20] and shows the need to measure it by HPLC. We found that the measurement of creatinine in mouse urine by Jaffé overestimated it only by about 10-15%, a difference that did not reach significance, suggesting that one can satisfactorily use Jaffé for urine measurements especially since levels of creatinine are almost always higher in urine than plasma, and interfering substances giving false positives are often diluted out. Substances interfering with the Jaffé reaction capable of reacting with picric acid include known compounds like hemoglobin, lipids, acetone, albumin, bilirubin, glucose, acetoacetate, pyruvate, nitrophenols and others [31] . In summary, we have developed a simple, isocratic HPLC method to accurately measure plasma creatinine in mice. The assay is highly specific and sensitive. This method allows for measurement of renal function in conscious mice using an endogenous marker of renal function.
Based on the present data and prior reports (19, 20) , the AMMDCC has adopted the HPLC method as the preferred method to measure plasma creatinine in mice, as an index of endogenous renal function. Mean plasma creatinine level measured in eighteen C57BL/6J mice by HPLC is significantly different (P < 0.0001) from same plasma measured by Jaffé colorimetric analysis using the alkaline picric acid reaction. No significant difference between urine concentrations (HPLV vs.
Jaffé colorimetric method) was detected (P = 0.6675). 
